During virus multiplication, the viral genome is recognized and recruited for replication based on specific cis-acting elements. Here, we dissected the important cis-acting sequence elements in Semliki Forest virus RNA by using a trans-replication system. As the viral replicase is expressed from a separate plasmid, the template RNA can be freely modified in this system. We show that the cis-acting element at the beginning of the non-structural protein 1 (nsP1) coding region together with the end of the 3¢ UTR are the minimal requirements for minus-strand synthesis. To achieve a high level of replication, the native 5¢ UTR was also needed. The virus-induced membranous replication compartments (spherules) were only detected when a replicationcompetent template was present with an active replicase and minus strands were produced. No translation could be detected from the minus strands, suggesting that they are segregated from the cytoplasm. Minus strands could not be recruited directly to initiate the replication process. Thus, there is only one defined pathway for replication, starting with plus-strand recognition followed by concomitant spherule formation and minus-strand synthesis.
INTRODUCTION
The replication of plus-strand RNA viruses requires the virus-encoded RNA replicase together with specific host cell proteins and membranes, as well as the cis-acting elements present on the viral genomic RNA (Hyde et al., 2015; Liu et al., 2009 ). The replicase is translated directly from the genomic RNA and in the case of alphaviruses contains four virus-encoded subunits, i.e. non-structural proteins (nsPs) 1-4, derived from polyprotein precursors (K€ a€ ari€ ainen & Ahola, 2002; Rupp et al., 2015) . The genomic RNA is recruited to membrane-associated replication complexes, which can have different subcellular localizations depending on the virus group (den Boon & Ahlquist, 2010; Miller & Krijnse-Locker, 2008; Salonen et al., 2005) . Alphaviruses replicate their RNA inside small membrane invaginations called spherules (Froshauer et al., 1988; Grimley et al., 1968) , which are found at the plasma membrane and on the limiting membranes of modified endosomes and lysosomes called cytopathic vacuoles type I (CPV-I) (Grimley et al., 1968; Spuul et al., 2010) .
Four conserved sequence elements (CSE1-4) within the viral genome (Fig. 1a, b) have been found to affect the different stages of RNA replication. Initially, these elements were identified because of their conservation within the genus Alphavirus (Strauss & Strauss, 1994) . As the alphavirus genomes have diverged significantly during evolution, CSEs were expected to have a special significance in the alphavirus life cycle, which was confirmed by mutational analyses in Sindbis virus (SINV) (Kuhn et al., 1990; Levis et al., 1990; Niesters & Strauss, 1990a, b) . In addition to their sequence, the stem-loop structures in the two first CSE elements, located at the 5¢ region of the viral genome, seem to be of importance (Frolov et al., 2001; Gorchakov et al., 2004; Kulasegaran-Shylini et al., 2009; Nickens & Hardy, 2008) . Both viral and cellular proteins may be involved in the recognition of these cis-acting elements (Rupp et al., 2015; Strauss & Strauss, 1994) .
The first~44 nt of the alphavirus genome comprise CSE1 [also referred to as stem-loop 1 (SL1)] at the beginning of the 5¢ UTR. The complement of CSE1 has been implicated as a promoter for plus-strand synthesis from minus-strand templates (Frolov et al., 2001; Niesters & Strauss, 1990a) . However, CSE1 is also required in the plus strand to promote minus-strand synthesis (Frolov et al., 2001) . The 5¢ region of the alphavirus genome also contains another sequence element called the 51 nt element (CSE2) which is located within the coding region of nsP1 (Strauss & Strauss, 1994) . The 51 nt element can form two stem-loop structures (SL3 and SL4) and it has been found to enhance both minus-and plus-strand synthesis (Frolov et al., 2001 ). CSE3, a 24 nt basal promoter for the subgenomic RNA, is located at the junction of the two coding regions of the alphavirus genome. The complement of this CSE in the negative strand is required for transcription of the subgenomic RNA (Levis et al., 1990) encoding the viral structural proteins. Finally, there is a 19 nt CSE4 at the very end of the 3¢ UTR that is highly conserved across the alphaviruses. CSE4 precedes the 3¢ polyA tail and is considered to be the core promoter for minus-strand RNA synthesis (Frolov et al., 2001) . In studies by Hardy & Rice (2005) , it was demonstrated that the polyA tail and CSE4 are required for virus replication.
Here, we studied the role of CSEs and other template elements in replication and spherule formation by using a trans-replication system based on Semliki Forest virus (SFV) (Spuul et al., 2011) . With this system, deleterious modifications can be analysed in detail, as viral replicase protein expression and basal-level template production are independent of template RNA replication. Using templates of different lengths, we previously demonstrated that the size of the SFV-induced spherules depends on the length of the RNA template (Kallio et al., 2013) . We now find that the CSEs differentially modulate RNA replication and that a replicationcompetent template is required for spherule formation. The minus strands are unable to act as initial templates and under normal circumstances they cannot be translated.
RESULTS

Replication efficiency of modified plus strand templates
The sequence elements in the SFV genome (Fig. 1a) were studied by either deleting them completely (TshortDSGP, TshortD51 and TshortDnsP1) or by changing the 5¢ and 3¢ UTRs to unrelated sequences of equal length modified from a human gene (Tshort5exc and Tshort3exc) (Fig. 1b) . These alterations were made in the trans-replication template Tshort, which only contains the Renilla luciferase marker gene in addition to the viral sequence elements. The luciferase is expressed as a fusion with the first 74 aa of SFV nsP1; the corresponding 222 nt are removed in DnsP1. In order to analyse the replication efficiency of the modified templates, they were transfected together with a replicase polyprotein construct (Fig. 1a) to T7 polymerase-expressing BSR T7/5 cells and luciferase activity was measured at different time points post-transfection. As expected, the deletion of the subgenomic promoter had no effect on the replication of the RNA as measured by luciferase production (Fig. 1c) . The deletion of the 51 nt element reduced replication to some extent, whereas the other modifications at the 5¢ UTR, the partial nsP1 coding region or 3¢ UTR had a drastic effect on luciferase expression, making them comparable to the template-only control (Fig. 1c) . In order to verify that the changes in replication efficiency were not due to polyprotein expression level, proteins were analysed by Western blotting. As shown in Fig. 2 (a) with nsP3 antibody, the replicase expression was not dependent on the type of template (or the presence of irrelevant control DNA) that had been co-transfected.
Next, the synthesis of minus and plus strands was studied directly by transfecting BSR cells with the various template constructs in the presence or absence of the replicase, and Northern blotting was used for the detection of the isolated RNAs by strand-specific probes. The results showed that changing the 3¢ UTR abolished minus-strand synthesis (Fig.  2b, lane 11) . A low level of minus strand was still detected when using the template with an exchanged 5¢ UTR (Fig.  2b, lane 9) , whereas deletion of the entire nsP1 region prevented minus-strand synthesis (Fig. 2b, lane 7) . Instead, deletion of the subgenomic promoter or the 51 nt element had only a minor effect (Fig. 2b, lanes 3 and 5) . None of the templates produced any detectable minus strand in the absence of the replicase (e.g. Fig. 2b , lane 2). Increased plus-strand synthesis in the presence of the replicase was only clearly detected with the WT, DSGP and D51 templates (Fig. 2b , lanes 1-6). As an additional control, the high replication level of the D51 mutant was also verified with a longer template Tmed (Fig. 2b, lanes 13-16) .
Template CSEs affect spherule formation
The effects of the modified CSEs on spherule formation were studied using modified TmedIR templates in correlative light and electron microscopy (CLEM) experiments. These templates contain an internal ribosome entry sequence (IRES) element, which drives the expression of the red fluorescent protein mCherry fused to a nuclear localization signal (NLS) (Fig. 3a) . As a result of IRESmediated expression, the cells that are transfected with the RNA template plasmid can be pinpointed by red fluorescence even in the absence of template replication (Hellström et al., 2015) . As the polyprotein construct contains a green fluorescent marker (ZsGreen), the cells transfected with both constructs can be recognized. First, the level of replication of the modified templates was determined with the luciferase assay by measuring Renilla luciferase activity at 16 h post-transfection (Fig. 3b) . The results for the modified TmedIR templates were consistent with the results obtained by using the Tshort templates (Fig. 1c) , demonstrating that the insertion of another gene and the IRES did not affect the replication phenotypes.
Next, the transfection-positive cells were located with CLEM and the presence of spherules was analysed (Fig. 3c) . When the TmedIR templates were used in transfections with the polyprotein P123Z4, the red fluorescence caused by mCherry protein was generally seen to be the brightest in the nucleus, whereas the green fluorescence was cytoplasmic. Spherules were easily found in the positive control (the unmodified TmedIR; Fig. 3c, bottom left) . A large number of spherules was also detected in TmedIRD51 (Fig.  3c, upper row) . The number of spherules in TmedIR5exc samples, however, was considerably lower, but they were detected occasionally (Fig. 3c , bottom row). With TmedIRDnsP1 ( Fig. 3c) and TmedIR3exc (not shown), isolated spherule-like structures were found in some rare cases, but the numbers were so low that they could not be definitely identified as true spherules. Hence, the deletion of the antigenomic ribozyme; T7 term, T7 terminator sequence. White UTRs denote viral sequences and dark blue UTRs denote human sequences. Note that the 3¢ UTR present on Tshort templates contains only 61 nt preceding the polyA and is thus shorter than the 3¢ UTR on the viral genome. (c) Replication efficiency of modified templates analysed by luciferase assay at the indicated time points. P, Replicase polyprotein; the templates are as shown above. Results are shown as mean ± SEM of two independent experiments (three replicates in both experiments). The bands marked with arrows correspond to the sizes of Tshort and Tmed RNAs. T7 polymerase catalyses the synthesis of longer plus-strand RNA species due to the inefficiency of action of the ribozyme and T7 terminator sequences (Kallio et al., 2013) . Minus strands synthesized by the replicase are marked with asterisks. The probes used were against the luciferase region. The amount of the correctly sized RNA band was quantified as a percentage compared with WT. nsP1 coding regions acts in cis on the template
nsP3-ZsGreen
As shown in Figs 1(c) and 2(b), the deletion of the partial nsP1 coding region in the template construct drastically impeded replication. Although the same sequence was also present on the polyprotein mRNA (this is the only sequence that the template and polyprotein RNAs share), it did not rescue the replication of the DnsP1 template in trans. We wanted to analyse further how critical the exact nucleotide sequence was for replication by changing all the possible codons without amino acid alterations (Fig. 4a) . It was assumed that the altered sequence would not affect polyprotein function, but instead could have a big impact on template replication. Mfold analysis also suggested that in the altered sequence, the predicted SL3 and SL4 (Frolov et al., 2001 ) would be destroyed. Indeed, the luciferase assay verified that the polyprotein with changed codons, P123Z4(m), was replicating the WT template similar to WT polyprotein P123Z4 (Fig. 4b) . However, mutating the RNA template reduced luciferase counts by >1 log. This was due to the disruption of replication, as when the templates were transfected alone, the luciferase count levels for both the WT and codon-changed template were almost identical.
Minus-strand RNA is not recruited as a template for plus-strand or subgenomic RNA synthesis Next, we wanted to examine whether the minus strand could act as the initial template in the RNA synthesis process. Either full-length or subgenomic plus strands (or both) could be made in theory from the minus strand. To test for genomic RNA synthesis, we created a template in which the minus strand corresponding to Tshort, designated (-)Tshort, was produced by T7 polymerase (Fig. 5a ).
To produce a sensitive marker for potential subgenomic RNA transcription, we constructed the minus-strand template (-)StLuc in which the luciferase gene was placed under the subgenomic promoter in the plus-strand orientation (Fig. 5a ). Therefore, if any production of plus strands takes place, the luciferase should act as a sensitive marker for the generation of either the full-length or subgenomic plus strands. As the T7 polymerase was unable to produce transcripts from a template with a long stretch of polyT near the beginning [(-)TshortpolyT; Fig. 5c , lanes 4 and 5], templates without polyT were utilized in these experiments (the sequences are detailed in Table S1 , available in the online Supplementary Material). These most likely correspond to the actual minus strands produced during virus replication, as initiation predominantly takes place at the nucleotide immediately adjacent to the polyA on the plus strand (Hardy, 2006) . The luciferase counts from the minus-strand constructs did not exceed the level of mock transfection when the minus-strand templates were transfected in either the presence or absence of the replicase polyprotein (Fig.  5b) . Northern blotting showed that (-)Tshort and (-)StLuc yielded good quantities of minus strands made by T7 (Fig.  5c, lanes 6-9) . The levels in fact corresponded to the levels of minus strand made by the SFV polymerase during regular Tshort replication, which is shown for comparison (Fig. 5c , lane 1). Northern blotting verified that no plus strands were generated from the minus-strand templates by the SFV polymerase (Fig. 5c , lanes 6-9).
Minus strand is not available for translation during replication, but is translation competent
As the minus strand is not competent to act as an initiator of replication, we also studied its properties in translation. For this purpose, we generated further templates in which luciferase was located at the 3¢ end of the genome and the cyan fluorescent protein (CFP) was placed under the genomic promoter (Fig. 6a) . Luciferase levels were high when the gene was in the plus-strand orientation in the CFP-StLuc template and when the replicase was co-transfected (Fig. 6b) . In contrast, when the luciferase was inverted, so that it was in the minus-strand orientation (CFP-StLucREV), no luciferase activity was detected in the cells in the presence or absence of the replicase (Fig. 6b) . Notably, both of these templates replicated equally well, as assessed by Northern blotting, so minus strands containing the luciferase ORF were present in the cells (Fig. 6c ), but were not translated. In the inverted luciferase ('REV') constructs, the initiation codon of the luciferase represented the first AUG from the 5¢ end of the minus strand.
To study whether the minus strand could be used in translation at all, we generated a minus strand expressed from the T7 promoter and containing the inverted luciferase (Fig. 6a) . The template (-)StLucREV produced large quantities of luciferase irrespective of the presence of the replicase (Fig. 6b) and, akin to previous minus-strand templates, it was not replicated (Fig. 6c) . Thus, the minus-strand type of RNA is translation competent when made by T7 and present in the cytoplasm. In fact, (-)StLucREV yielded remarkably high amounts of luciferase, comparable to those obtained from the subgenomic promoter under replication (Fig. 6b) , and much more than the plus-sense Tshort template without replication (Fig. 3b) . The reasons for this are unknown, but we note that the viral 3¢ UTR, whose complement in this case acts as the 5¢ UTR for the luciferase, is AT-rich. Finally, we studied the possibility of spherule formation with (-)StLucREV. The fluorescent marker mCherry was included as a separate ORF (Kallio et al., 2016) . Upon transfection of the mCherry-containing (-) StLucREV_Vis with the replicase polyprotein, the situation resembled that with non-replicating plus-strand templates and definite spherule structures could not be detected.
DISCUSSION
The SFV trans-replication system is well suited to the analysis of the cis-acting RNA elements in the different stages of RNA replication, as the expression of the replicase is independent of the RNA template. To the best of our knowledge, the cis-acting elements of SFV have not previously been subjected to a detailed analysis, as the prior work detailed in the Introduction was mostly carried out with SINV. The 5¢ end of the SFV genome was required for efficient minus-strand synthesis and this requirement encompassed both the 5¢ UTR as well as the partial nsP1 coding region (Fig. 2b) . Somewhat surprisingly, the DnsP1 mutant template displayed a stronger minus-strand synthesis defect than the alteration of the 5¢ UTR, which was still capable of some synthesis. Notably, the importance of the nsP1 region was not primarily due to the 51 nt element (CSE2), whose deletion only caused a mild phenotype. In previous work, CSE2 was found to be more important for replication in mosquito cells (Hyde et al., 2015) and this element was analysed in detail in elegant studies (Fayzulin & Frolov, 2004 ; Note that for the minus-strand templates the production of larger bands, due to inefficient ribozyme and T7 terminator action, is prominent. Michel et al., 2007) . The replication differences were not due to altered RNA stability, as similar baseline levels of all the templates were present in the cells (Fig. 2b) . Therefore, the 5¢ elements are required for the recruitment of the plusstrand template to the replication complexes and/or the subsequent initiation of minus-strand synthesis, both of which are likely to be complex processes. A similar conclusion was reached in the case of SINV by Frolov et al. (2001) . The combined 5¢ region is relatively long and it is uncertain whether it can be divided into distinct modules with different functions. It is, however, notable that in our experiments the nsP1 region provided some functionality independent of the 5¢ UTR. In contrast, the 3¢ region is simple in structure. In SINV in vitro polymerase assays the 3¢ UTR alone can support a small level of minus-strand synthesis (Hardy & Rice, 2005; Thal et al., 2007) , but this was not observed in our cell-based experiments. In some experimental settings, RNA synthesis has been observed with molecules containing radically altered or even cellular 3¢ UTRs (George & Raju, 2000; Nikonov et al., 2013) , but again this was not observed in the current experiments.
The presence of the necessary CSEs, at minimum the partial nsP1 coding region and the 3¢ UTR, was required for the formation of the membranous replication spherules (Fig.  3) . With well-replicating templates, large clusters of spherules were readily observed in transfected cells, whereas for the more poorly replicating Tshort5exc, fewer spherules could be found with more time-consuming searches. Therefore, a replication-competent template is required to generate spherules. This is in accordance with previous findings showing that active components of the replicase complex are also required (Kallio et al., 2016) . Thus, the act of replication (most likely minus-strand synthesis) is necessary for the construction of spherules.
Using trans-replication, we could detect small levels of RNA synthesis using either direct detection of the RNA or marker gene activity. We therefore wanted to test directly whether minus-strand templates could initiate RNA synthesis. The minus strands made by T7 polymerase are designed to initiate with a G residue, which corresponds to the site immediately adjacent to polyA, described as the natural initiation site for SINV replicase (Hardy, 2006) , and they should terminate with an extra G (Wengler et al., 1979) , as also used in SINV assays (Thal et al., 2007) . However, although minus strands were produced in large quantities by T7, we could not detect any genomic or subgenomic RNA synthesis or luciferase activity exceeding the low background (Fig. 5) . The synthesis of SINV plus-strand and subgenomic RNA molecules starting from minus-strand templates has been shown to take place when an external template was added to membrane extracts containing fully processed SINV replicase (Li & Stollar, 2004 , but the efficiency of those reactions has not been reported. In contrast, a replicase containing unprocessed intermediates could not use a minus-strand template (Lemm et al., 1998) . In the SFV trans-replication system, the nsPs are processed rapidly (Spuul et al., 2011) and as the template is produced continuously by T7, all the components should be available to interact with each other. Thus, the recruitment of the minus strand for replication inside cells appears to happen with a very low efficiency or not at all. Based on several lines of evidence, it is generally thought that the minus strands are present in infected cells in dsRNA form in complex with the plus strands (Gorchakov et al., 2008; KulasegaranShylini et al., 2009; Mai et al., 2009; Spuul et al., 2010) . The inability of the minus strand to serve as a template in any RNA synthesis might therefore also mean that for plusstrand synthesis the replicase would require a (partially) dsRNA template.
During normal replication initiated from a plus strand, we were unable to detect translation of luciferase from the minus-strand RNA, whereas an equivalent RNA produced directly by the T7 in similar quantities was very highly translated (Fig. 6) . Thus, it seems that the minus strands are strictly segregated inside the membranous replication complexes and unavailable for translation. The strands are also protected from RNase inside the complexes when membrane preparations are isolated (Kallio et al., 2016) . Therefore, under normal circumstances these strands would also not be available as initiation points for replication and there would be no advantage in having a mechanism to directly recruit the minus strand.
In conclusion, it appears that there is only one well-defined pathway for replication, in which the plus strand is recruited by the replicase. Next, membrane spherules arise during minus-strand synthesis, and act to protect and isolate the minus strands from cytoplasmic events. This is likely to increase the efficiency of RNA replication and to reduce the host recognition of viral replication intermediates (Kato et al., 2008) .
METHODS
Cell line. BSR T7/5 cells (Buchholz et al., 1999) were cultured in Dulbecco's modified Eagle's medium supplemented with 10 % FBS (Gibco), 2 % bacto tryptose phosphate broth (Difco), 2 mM L-glutamine, 1 % non-essential amino acids, 1 mg G418 ml
À1
, 100 U penicillin ml À1 and 100 µg streptomycin ml À1 (Gibco).
Plasmids. The SFV polyprotein construct P123Z4, which incorporates the fluorescent marker ZsGreen, and the template constructs Tshort and Tmed, used to introduce different modifications to the RNA CSEs, were described previously (Spuul et al., 2011) (Fig. 1a, b) . Deletion of the subgenomic promoter was performed by cutting out the subgenomic promoter with BamHI/NotI, blunting the ends and then ligating them together. Other modifications were performed as described below with the aid of synthetic sequence fragments from Life Technologies GeneArt.
5¢-End modifications.
A 285 nt synthetic sequence with an exact deletion of the 51 nt element (nt 178-228 of the SFV genome) was used in order to create a modified template designated TshortD51. The synthetic sequence was cloned into Tshort with HindIII/XhoI. TshortD51 was then digested with NdeI/XhoI in order to transfer the deletion into the TmedIR template (Hellström et al., 2015) , giving rise to TmedIRD51. In addition, the insert cut from TshortD51 was transferred to Tmed, containing the fluorescent protein Tomato-encoding gene under the control of the subgenomic promoter (Spuul et al., 2011) , with NdeI/XhoI, creating TmedD51.
The Tshort template encoded an N-terminal fragment of the nsP1 protein corresponding to aa 1-74 (222 nt). Deletion of this nsP1 coding region was made by cloning a 114 bp synthetic sequence into Tshort with HindIII/XhoI, creating TshortDnsP1. The deletion of the nsP1 coding region in the TmedIR template was achieved by cloning a 323 bp sequence from Tshort_DnsP1 with NdeI/XhoI to TmedIR plasmid, giving rise to TmedIRDnsP1.
A cellular 5¢ UTR, unrelated to alphavirus sequences, modified from the human leukemia related protein 16 (LRP16) gene (GenBank accession number NM 014067.3; also known as MACRO domain containing 1) (Neuvonen & Ahola, 2009) , was ordered as a part of a 336 bp synthetic sequence. This sequence contained the T7 promoter, an 85 nt modified human LRP16 5¢ UTR (Table S1 ) and a Kozak consensus sequence preceding the start of nsP1. The synthetic sequence was used to replace the viral 85 nt 5¢ UTR in Tshort. Cloning was performed with restriction enzymes HindIII/XhoI. As a result of the ligation, a plasmid designated Tshort5exc was created. The viral 5¢ UTR was also replaced in TmedIR as an NdeI/XhoI fragment.
3¢-End modifications.
A 311 bp synthetic sequence including a modified 61 nt human LRP16 3¢ UTR (Table S1 ) was used to replace the viral 61 nt 3¢ UTR in Tshort. Except for the 3¢ UTR, the synthetic 311 bp sequence was identical to the 3¢ end of the Tshort template. The 311 bp synthetic sequence and the Tshort plasmid were combined with BglII/ SacI, creating a template Tshort3exc. The viral 3¢ UTR was replaced in TmedIR with the same enzymes.
Mutated nsP1 region in polyprotein and templates. The 222 nt sequence of the nsP1 5¢ end, present both in polyprotein and template constructs, was modified in such a way that alternative codons were used as much as possible without affecting the amino acid sequence. The designed sequences (Fig. 4) were ordered from Life Technologies.
The modification was performed in P123Z4 polyprotein and in Tshort and Tmed templates.
Minus-strand templates. The basic minus template without any marker genes was constructed as described for plus template pUC18 templ+ (Spuul et al. 2011) , but the entire sequence between the T7 promoter and ribozyme was prepared in reverse complementary orientation. In addition, three guanosine nucleotides (GGG) were added after the T7 promoter, preceding the polyT, to try to enhance T7 polymerase activity (Table S1 ). The template (-)TshortpolyT was constructed by PCR amplification of the Renilla luciferase gene with BamHI/ApaI restriction sites and cloned in-frame with the partial nsP1 sequence in reverse-complementary orientation. Similarly, (-)StLucpolyT was prepared by inserting the luciferase with BglII/NotI under the subgenomic promoter. To remove the polyT sequence from the minus templates, a primer with HindIII, T7 promoter and 27 nt of the reverse-complementary oriented 3¢ UTR was used with another downstream primer. The PCR product was cloned to the two above templates digested with HindIII/PacI, creating the constructs (-)Tshort and (-)StLuc, respectively. The sequences of the 5¢ and 3¢ end regions of (-)Tshort are given in Table S1 , and Fig. 5(a) shows schematic drawings of the constructs.
In order to clone the Renilla luciferase gene in minus-sense orientation to the (-)Stluc template, the gene was PCR amplified by using 5¢ and 3¢ primers with BglII/NotI restriction sites, respectively. The construct was named (-)StLucREV (Fig. 6a) . To study spherule formation with (-) StLucREV, an additional ORF with a second T7 promoter expressing mCherryNLS was cloned into the SacI site as described previously (Kallio et al., 2016) to create (-)StLucREV_Vis. The construct CFPStLuc was created by PCR ampliation of the CFP gene together with the NLS and cloning it with ApaI/BamHI restriction enzymes into StLuc (Spuul et al., 2011) . To theoretically synthesize Renilla luciferase from the minus strand, the gene was PCR amplified with 5¢ and 3¢ primers containing SalI and BglII restriction sites, respectively. When CFP-StLuc is cut with these enzymes, the sense-oriented Renilla luciferase is removed and the newly synthesized RlucREV is inserted in antisense orientation, thus creating the construct CFP-StLucREV (Fig. 6a) . Western blotting. BSR T7/5 cells were transfected with the plasmid expressing replicase polyprotein alone or co-transfected with plasmids expressing modified Tshort templates by using Lipofectamine LTX reagent. At 16 h post-transfection, cells were collected, and proteins were fractionated on 10 % SDS-polyacrylamide gels and transferred to Immobilon-FL transfer membrane (Merck Millipore), which were probed with specific antibody for SFV nsP3. Equal loading was confirmed by probing the same filter with a specific antibody for b-actin (Sigma-Aldrich). Signals were obtained by incubating the filters with secondary antibodies IRDye 800CW donkey anti-rabbit IgG and Alexa Fluor 680 anti-mouse IgG (Invitrogen), and scanning the filters with an Odyssey Imaging System (LI-COR Biosciences).
Northern blotting. Northern blotting was performed as described previously (Kallio et al., 2013) . Briefly, the cells were transfected with plasmids expressing templates alone or co-transfected with plasmids expressing replicase polyproteins by using Lipofectamine LTX reagent and incubated for 16 h. Cells were lysed and collected with TRIsure reagent (Bioline). Isolated total RNA (2 µg) was fractionated on a denaturing 1 % agarose gel and transferred to a positively charged Amersham Hybond-N+ nylon filter (GE Healthcare) by capillary blotting overnight. RNA was cross-linked to the membrane with Stratalinker (Stratagene).
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P-labelled probes against the luciferase gene were used for plus-and minus-strand detection (Kallio et al., 2013) . Quantification was performed with ImageJ 1.47 (http://imagej.nih.gov/ij/).
CLEM. CLEM was used to detect spherules from the transfected BSR T7/5 cells. Five different TmedIR template plasmids (WT, D51, DnsP1, 5exc and 3exc) and TmedD51 were used in transfections. BSR T7/5 cells were seeded on gridded glass-bottom culture dishes (no. 2 P35G-2-14-C-GRID; MatTek). Polyprotein and template plasmids were transfected either with jetPRIME reagent (PolyPLUS transfection) or Lipofectamine LTX (Invitrogen) according to the manufacturers' instructions. At 16 h post-transfection, cells were fixed as described previously (Hellström et al., 2015) . A Leica SP2 or TCS SP5II HCS A confocal microscope was used to image the cells with fluorescence and in the reflection mode in order to visualize the cells and the grid simultaneously. An HC PL APO Â 20/0.7 CS (air) objective was used in imaging. From these samples, cells positive for both mCherry and ZsGreen, or Tomato and ZsGreen fluorescence, were chosen and their location was determined with respect to the grid. In order to visualize the cells with transmission electron microscopy (TEM), the chemically fixed and osmium-stained cells were processed for flat embedding and Luciferase levels expressed from the constructs in the presence or absence of the replicase polyprotein. The assay was repeated three times with four replicates for each sample and a representative result is shown. (c) Northern blot of 'positive' and 'negative' strands of the indicated templates in the presence or absence of replicase polyprotein. As the probes used are against the luciferase gene, in the REV constructs the probes actually reveal the opposite strand; this is marked on the top. Arrows indicate the size of the full-length constructs and white asterisks mark the subgenomic RNAs. Note that the CFP-containing constructs are larger than (-)StLucREV.
ultrathin sectioning as described previously (Hellström et al., 2015) . The cells analysed with confocal microscopy were relocated and spherules in these cells were detected by using either a JEOL 1200 EX II or JEOL JEM-1400 transmission electron microscope operated at 80 kV. Images were acquired with an Erlangshen ES5000W (model 782) or Gatan Orius SC 1000B (Gatan), respectively.
